S-phase (γ N , expanded austenite) is a metastable nitrogen and/or carbon supersaturated solid solution in austenitic stainless steel. The phase shows comparable or better corrosion resistance and higher hardness as well as wear resistance than austenitic stainless steel. The paper presents results of investigation on mechanical properties of S-phase coatings deposited by reactive magnetron sputtering on austenitic stainless steel substrates. Substrate temperature (200÷400°C) and nitrogen content in reactive atmosphere (15÷50% vol.) were varied. Hardness and Young's modulus of the coatings were investigated by nanoindentation. Their adhesion was evaluated by scratch test method. Hardness and Young's modulus depended on nitrogen content in the atmosphere while substrate temperature had a negligible effect. These mechanical parameters depended on the coating microstructure and grain size rather than on nitrogen content in the coating. Results of scratch tests showed a minor effect of deposition parameters on coatings adhesion. It was also observed that for certain parameters of the deposition process a nitrogen diffusion layer in the substrate may form. The presence of the diffusion layer resulted in a decrease of nitrogen content in the coating, but its effect on hardness and adhesion of the coating was not straightforward.
INTRODUCTION
Modification of austenitic stainless steel surface aiming at improvement of mechanical and functional properties, such as hardness or wear resistance, has been one of the main tasks of surface engineering for several decades. One of the methods to improve these properties is obtaining a nitrogen and/or carbon supersaturated solid solution in austenite which is called S-phase (also γ N or expanded austenite). The most frequently used method is low-temperature nitriding. S-phase layers have higher hardness and comparable to or sometimes even better corrosion resistance than austenitic stainless steel [1÷7] . Low-temperature treatment is a process carried out at temperature below 500°C. It prevents the formation of nitrides (mostly chromium nitrides), the presence of which significantly decreases corrosion resistance of austenitic stainless steel.
It is also possible to obtain S-phase as a coating with magnetron sputtering. Austenitic stainless steel is then sputtered in reactive atmosphere containing nitrogen [1, 2, 8÷22] . This method allows the temperature of the preparation of S-phase to be reduced even below 200°C. Moreover, an easy control of nitrogen concentration in the coating is also possible by regulation of the nitrogen content in the reaction chamber. Thanks to the combination of these two basic parameters the deposition of coatings with varying thickness, morphology and mechanical properties is possible.
MATERIAL AND METHODS
Coatings were deposited by means of reactive magnetron sputtering method (RMS). Discs of 50 mm in diameter made of austenitic stainless steel (wt %: 18.5 Cr, 9 Ni, 2 Mn, 0.5 Si, 0.4 Cu, Fe in balance) were used as targets. Substrates were made of the same steel grade. Prior to the deposition they were ground using abrasive papers down to 1200 and then with diamond pastes down to 1 μm. After grinding the substrates were vibro-polished with Al 2 O 3 in order to remove the layer of ferrite resulting from plastic deformation occurring during the grinding process. Furthermore, the substrates were ultrasonically cleaned in an acetone bath for 10 min and dried in hot air. After the preparation the substrates were placed in the reaction chamber which was pumped down to a base pressure of about 10 -5 Pa. Then the chamber was filled back with Ar up to 2.7 Pa, at the flow rate of 10 cm 3 s -1 . Then the ion cleaning of substrate proceeded for 30 min with RF negative bias. Voltage of about 200 V was applied. After cleaning the chamber pressure was lowered to the fixed value of 0.8 Pa.
During the deposition the constant total gas flow rate of 13 cm 3 s -1 was maintained but with variable nitrogen ratio from 15 up to 50% vol. The coatings were deposited at varied substrate temperature from 200 to 400°C. Other sputtering parameters, such as time (180 min), magnetron power (two magnetrons with 200 W each) and target to substrate distance (110 mm) were kept constant.
The phase composition of the coatings was determined by means of X-ray diffraction (XRD) in Bragg-Brentano geometry (Cu K α radiation, X'Pert Pro, PANalytical). Nitrogen concentration in coatings was quantitatively measured using X-ray microanalysis with CrN standard (Thermo Scientific, Hitachi SU-70). Thickness of the coating was determined on the micrographs of the coating cross-sections obtained by scanning electron microscopy (SEM).
Hardness and Young's modulus of the coatings were evaluated by nanoindentation with Berkovich tip (Nano Indenter XP, Agilent). Adhesion of coatings was tested by scratch test method with the progressive loading of 0÷20 N (Revetest Scratch Tester, CMS Instruments).
RESULTS AND DISCUSSION
X-ray diffraction patterns show that all coatings were composed of S-phase (Fig. 1) . S-phase peaks are seen as a set of peaks which are shifted towards lower 2 theta angles in comparison to austenite peak positions. The higher nitrogen concentration in coatings the higher shift observed. It can be seen that the shift of the peak position increased with an increase of nitrogen content in the atmosphere, which means that nitrogen concentration in the coatings increased as well. It well corresponds to the results of nitrogen concentration measurements presented in Table 1 .
Depending on the deposition parameters, coatings with different morphology and texture can be obtained. For the lowest nitrogen content in the atmosphere grains both with (111) and these samples the intensity of peaks was again much lower which suggests a small grain size.
These observations were confirmed by SEM studies of the coating cross-sections (Fig. 2) . The coatings obtained in 33% nitrogen atmospheres demonstrated strongly columnar microstructure with many pores, while the coatings deposited at the highest and the lowest nitrogen content were compact with small grain structuremuch finer for the latter.
Additionally, for coatings deposited with nitrogen content of 33 and 50% vol. at temperature above 350°C, an additional peak was observed between the S-phase and γ (austenite) peaks. This peak corresponded to S-phase originating from the diffusion sub-layer, which was formed during deposition in the substrate below the coating (Fig. 3) . The appearance of this sublayer reduced the nitrogen content in the coating (Tab. 1). This phenomenon was observed as well in previous studies [2, 10] . The formation of S-phase diffusion sublayer is probably possible thanks to removal of the chromium oxide layer during the ion cleaning step. Once the passive layer is removed the nitrogen diffusion from the coating to the substrate.
(200) orientations were present in diffraction patterns (Fig. 1) . The intensity of S-phase peaks was very low which can indicate their very fine grain structure.
Increase of nitrogen content in the atmosphere from 15 to 33% vol. at the temperature range from 200 to 300°C resulted in formation of grains with a preferred orientation of (111). For higher temperature (100) grains were also visible. At the same time intensity of the peaks was much higher and narrow indicating a greater grain size. The coatings deposited at the highest nitrogen content in atmosphere (50% vol.) demonstrated a strong (200) texture. This texture was better pronounced at lower deposition temperature. For Thickness of the coatings decreased as the nitrogen content in the working atmosphere increased. An influence of temperature on the thickness of the coating is ambiguous, although a small downward trend with increasing temperature of the substrate could be observed (Fig. 4) . Decrease in deposition rate with an increase of nitrogen flow was observed as well by others [14] and it happens probably due to an increase poisoning of the target with increase nitrogen content in the atmosphere.
Mechanical properties of the coatings depended mostly on nitrogen content in the reactive atmosphere. The coatings obtained at the lowest nitrogen content had the highest values of Young's modulus (Fig. 5) and hardness (Fig. 6) , while those obtained at the atmospheres containing 33% of nitrogen had the lowest values. Treatment temperature had very little influence on both parameters. Only in case of 50% nitrogen atmosphere a small decrease of these parameters could be observed with increasing temperature, which for highest temperature can be attributed to the reduced nitrogen content due to diffusion to the substrate.
This specific decrease of hardness for 33% nitrogen atmosphere was also observed in previous studies on the total pressure influence on S-phase coating deposition [17] . It was even more pronounced when the total pressure was lower than that in the current experiments. However, no clear explanation of this observation was found.
According to literature data it is expected that the higher nitrogen concentration in the coatings the higher their hardness [2] . Hardness and Young's modulus drop can be observed for very high nitrogen content due to other phase precipitations, which was not the case for our analysis. One of possible explanations of such behaviour could be texture changes which were observed as nitrogen content was changed. However, there is no clear relation between hardness and texture. Out of coatings with the lowest hardness, only three of those deposited at the lowest temperature have clear (111) texture which is not reflected in hardness or Young's modulus values (Fig.  5 and 6 .). However, there is a clear difference in microstructure of the coatings obtained. Those with the lowest hardness have a clear columnar structure with the biggest grain size. The hardest coatings have the finest microstructure. Similar relation can be observed in results presented by Dahm at al. [2] even though it was not clearly outlined in their work.
The influence of deposition parameters on the brittleness and adhesion of coatings was also studied. The results are presented in Figures 7÷9 .
For the coatings deposited at the lowest nitrogen content the critical load L C1 (the force related to the first brittle cracks) is the lowest (Fig. 7) . It may be related to the highest hardness of these coatings. In contrast to that these coatings demonstrate the biggest values of L C3 critical load which reflects their better adhesion properties. However, in general no major differences between coatings obtained at higher nitrogen content can be observed in this respect.
All coatings showed rather good adhesion. Coating delamination was limited and coatings followed the plastic deformation of the substrate under the load (Fig. 9) . The expected positive influence of the diffusion sublayer forming beneath the coating on the improvement or deterioration in the adhesion of the coating to the substrate was not straightforward. 
CONCLUSIONS
S-phase coatings were successfully deposited by reactive magnetron sputtering from austenitic stainless steel on austenitic stainless steel substrates. The following observations can be concluded:
1. An increase of nitrogen content in the reactive atmosphere led to increase of nitrogen concentration in the coatings and to decrease of deposition rate. 2. Hardness of the coatings varied between 3.14 and 7.89 GPa. It depended on the coating microstructure and grain size rather than on nitrogen content in the coating. Nitrogen diffusion from coating to substrate during deposition at 400°C caused reduction of coating hardness.
3. All coatings demonstrated good adhesion properties. No significant effects of the coating texture on their brittleness and adhesion was observed. 4. Coatings deposited at low nitrogen content in the reactive atmosphere were the most brittle, but those deposited at a temperature above 250°C showed the highest adhesion to the substrate. On the other hand, coatings deposited at higher nitrogen content had higher toughness, but lower adhesion. The adhesion of coatings to substrates decreased slightly with increasing substrate temperature. 
